The mem brane current vs. voltage dependence was measured in Limulus ventral nerve photo receptors at various external C a2+ and N a+ concentrations, using the voltage clam p technique. Lowering the external concentration of the divalent cations Ca~+ and Mg+ to < 1 |im ol/l by adding EDTA causes 1) the light-induced transient conductance increase to disappear and 2) Irev J d ! the reversal potential of the mem brane current in the dark to shift to a positive value between + 10 and + 2 0 mV. This value is about the same as the (V^J-l), reversal potential of the total light current under normal ionic conditions. If the external N a+ is lowered to 50 mmol/1 (i.e. 10% of the normal concentration) simultaneously with the lowering o f the divalent cation concentration described above, the light response is not abolished and V TevJ p is shifted less. The extent of this antagonism depends on the sodium sub stitute; it is stronger if choline is used instead of lithium.
Introduction
In a previous publication [1] we described a working hypothesis of a calcium /sodium binding competition controlling the gating of the lightactivated ion current in the photosensory m em brane of the photoreceptor of Limulus: the m em brane potential in the dark is depolarized when the external concentration of divalent cations (calcium and magnesium) is reduced. At very low calcium and magnesium concentrations (< 1 0 _6m ol/l) the dark potential is reversed to positive values and the light-induced receptor potential is very much re duced or even abolished. Additional lowering of the sodium concentration (to 50 mmol/1) leads to a sub stantial recovery of both m em brane potential in the dark and light response [1, 2] .
The effect of varying the external calcium, magnesium and sodium concentration in arthropod photoreceptors has been studied by several authors: Reduction of calcium to concentrations less than 10~5 mol/1 (in the presence o f magnesium) generally causes only a slight decrease o f the m em brane potential in the dark, but a significant increase in the am plitude of the light response [3 -9 ] , The light-induced m em brane current becomes larger, the reversal voltage of the light-induced current is not changed [3, 7, 10] . Brown and Blinks [11] ob served, in Limulus ventral nerve photoreceptors, that in a calcium and m agnesium deficient saline (with EGTA) the m em brane voltage in the dark becomes positive and approaches (or even exceeds) the reversal potential for the light response within 1 -2 min. Voltage clamp m easurements still showed a large light-induced m em brane conductance change in this condition. Lowering the external sodium con centration is reported not to influence the m em brane potential in the dark [3, 6, 8] , or to decrease it somewhat [12] . The light response becomes sm aller [4, 8, 13] and the reversal potential of the lightinduced current is reported to be somewhat d e creased [3, 7, 10] .
Based on our results with Limulus and other invertebrate photoreceptors we form ulated a w ork ing hypothesis (Fig. 1) assuming that opening and closing of the light-activated ion channels in the visual cell mem brane is controlled by negative binding sites for which calcium and sodium ions compete with an antagonistic action [1, 14] . O ur model, apart from the calcium -antagonistic role of sodium, has several features in common with the model proposed by Weeks and Duncan [15] for the cephalopod retina. A calcium /sodium antagonism was also observed by Brown et al. [3] in the barnacle photoreceptor. Besides some striking sim ilarities between their model and ours, there is one differ ence: our assumption that light channels are opened in the dark due to a lowering o f the external concen tration of divalent cations, derived from our obser vations with much lower divalent cation concentra tions than those used by these authors. Brown and Ottoson [16] observed that extracellular potassium ions counteract the action o f extracellular calcium in the barnacle photoreceptor. We could not con firm this calcium /potassium antagonism in Limulus and crayfish photoreceptors [17] .
To further test our hypothesis we m ade the voltage clamp experiments reported here. Using two intracellular microelectrodes we measured, in L im u lus ventral nerve photoreceptor cells, the m embrane current in the dark J D, the light current J L, and the light-induced mem brane current AJL, depending on the m embrane voltage, in salines with varied ionic composition.
The concentration of calcium and magnesium ions was lowered from normal to ca. 1 (amol/1 (by using the calcium-chelating agent EDTA), or raised to 40 or 100 mmol/1; the concentration of sodium ions was reduced to 50 mmol/1 (10% of its normal value).
The results (some of which have been briefly published before [18] ) are in agreement with our working hypothesis.
photon
Aca <C A|s Fig. 1 . Hypothesis of sodium-calcium binding competition of negatively charged binding sites which control the gating o f light-activated ion channels in the Limulus photosensory membrane. Light channel is closed when calcium is bound, and opened when sodium is bound instead. ACa: affinity for calcium, ,4Na: affinity for sodium.
(1) Strong affinity for calcium in the dark, channel closed. (2) Photon absorption induces transient affinity change, raising the relative affinity for sodium; calcium and sodium ions compete for binding sites. (3) U nder normal conditions the extracellular sodium concentration is much higher than that of calcium, so that sodium is bound and the channel opens. (4) The affinity changes spontaneously back in favour of calcium; under normal conditions cal cium is bound (1) and the channel closes again (from [18] ).
M aterials and M ethods
Ventral photoreceptor nerves were excised from adult Limuli, freed from the blood-vessel and kept in physiological saline. Before the experiments the nerves were bathed for 45 s in physiological saline containing 0.5% pronase. For details of preparation and procedure see [1, 19] . The preparations were fixed on a sylgard bedding in a plexiglass test vessel, which was perm anently perfused throughout the experim ent with a flow rate of ca. 1 m l/m in. The half-tim e of the exchange of salines was ca. 1 min at the preparation. In the test salines with reduced sodium concentration the osmotic pressure was kept constant by replacing the sodium ions by choline or lithium ions. In the reference salines for the test salines with increased Ca2+-concentration sucrose was added for the same reason. (For details see [1] .) The pH of all salines was close to 7.5. The ionic composition of the salines used is shwon in Table I .
Stim ulating light, measuring and recording system
The preparation was stim ulated from below through the bedding by white light from a xenon lam p (VIX150) adm inistered through a light pipe. The intensity of the stim ulating light could be attenuated by neutral density filters (Schott), the maximal intensity was ca. 2 x l 0 5 lx, equivalent to 6 x 1015 (550 nm) photons cm-2 s-1. Glass microelec trodes filled with 0.5 mol/1 KC1 were inserted into the photoreceptor cell under microscope (100 x m agni fication). The resistance of the sensor electrode (measuring the m em brane voltage) was between 10 and 15 MQ, that o f the driver electrode (for current injection) was between 5 and 10 MQ. Ag/AgCl elec trodes were used. The indifferent electrode was placed in the surrounding saline. The recording circuit used to measure the unclamped membrane voltage and the m em brane current under voltage clamp conditions is shown in Fig. 2 . The gain of the feedback am plifier was 1000, the frequency range from dc to 500 Hz (3 dB).
The data were digitized and recorded on tape, photographed from a dual beam oscilloscope. The time resolution of the recording system was 1 ms, the accuracy of the voltage measurements 1 mV, that of the current m easurements 0.5 nA.
Procedure
In the experiments light stimuli of maximal inten sity available (evoking saturated voltage response am plitude) were administered. The stimulus dura tion was 10 ms (in one group of experiments 2 s) throughout the experiment. One m easurement epi sode lasted 10 s; the time of one measuring cycle was 60 s. After successful im palem ent of the cell with two microelectrodes each experiment started with a pre-period of at least 15 minutes without background illumination, in which the cell was allowed to adapt to the experimental conditions. During the pre-period, the test vessel was perfused by physiological saline. After the receptor potentials evoked by the identical stimuli had become con stant, the cell was voltage clamped with a clamp regime consisting of several steps (Fig. 3 ). First the cell was hyperpolarized to -lO O m V for 2 seconds and than the clamp voltage jum ped to the desired test voltage UC\ (for 6 s) which was varied from 
Definition o f param eters
The reversal potential of the photoreceptor m em brane in the dark, V rtyJ D, is determ ined by the ion specifities of the ion channels open in the dark ("dark channels"), and the concentration gradients of the respective ions. The reversal potential of a sound photoreceptor cell of Limulus in the dark is 4 0 -5 0 m V (equal to the value o f the pre-stimulus m em brane potential). The m em brane conductance in the dark (#D) is determ ined by the product of num ber and single channel conductance of the dark channels, plus the leakage conductance. The reversal potential of the light-induced current, V T A J L, is determ ined by the ion specifities of the light-acti vated channels, and the concentration gradients of the ions passing through these "light channels". (The reversal potential of the light-induced current does not depend on the num ber of light-activated channels. The light-induced current is in first ap proxim ation proportional to the num ber of lightactivated channels. The reversal potential of the total light current, J L, is always between that of the dark current, J D, and the light-induced current, A J i (Fig. 4) : J^ev^D < ^rev^L < Ke\AJL. The value of l^ev J l depends upon the ratio of the contribution of the dark conductance and the light-induced conductance of the photosensory mem brane.)
The light-induced m em brane conductance, A g L, is the product of num ber and single channel con ductance of the light-activated channels. The total membrane conductance during illum ination, g L, for a given m embrane voltage, is the sum of dark and light-induced m em brane conductances. (This does not apply to the data in Table II , since these m em brane conductances were determ ined (as "slope conductances") at the respective reversal potentials, i.e. at different voltages for dark, light-induced, and total light membrane conductance.) The pre-stimulus membrane potential, PMP, and the reversal potential in the dark, V reyJD, should be identical under normal conditions. This is the case for most of our results. The maximal response am plitude, HMAX, after a saturating light stimulus, was re corded between the clamp episodes to check the condition of the preparation. For stimuli evoking a saturated response am plitude HMAX should be equal to the difference between VrewJD and if the contribution of the voltage-sensitive conduc tances to the peak am plitude of the (unclamped) receptor potential can be neglected.
Results and Interpretation
The current voltage relation was measured over a voltage clamp range from -1 0 0 to + 4 5 mV first in physiological saline and than in different test salines. The average results of the experiments are present ed in Table II . The experiments differ by the sodium-substitute; while lithium was used in the first and third group, choline was taken in the second group. Since in two groups of experiments (1 and 2) the calcium concentration of the test salines was lowered, the third group was m ade with lowered sodium concentration but normal calcium concentration. In two further groups of experiments (not presented in Table II ) the effect of increased calcium concentration was tested.
The actual concentrations of calcium and sodium at the outer surface of the photosensory m em brane are probably somewhat attenuated as compared to the values o f Table I , because the partially digested glia cell layer acts as diffusion barrier.
Effect o f low calcium concentration and low or normal sodium concentration (sodium substitute: lithium) on the light response
In the first group o f experiments (Table II, When the external concentration of divalent cations is very low (< 10~6 mol/1 by omitting Ca2+ and Mg2+ and using EDTA as chelating agent) and the [Na+]ex is additionally lowered (Table II, Under these low calcium, low sodium conditions the m embrane conductance in the dark g D is in creased (Table II, Table II has not to be equal to g L).
Raising o f the [Na+]ex to its physiological value while the [Ca2+] is still low (Table II, 1 c) leads to a positive value of the PMP (+ 20m V ), close to the value o f the reversal potential of the total light current (Vr^J L) in PS. The light response is reduced to zero. Consequently dark current and total light current are equal. The same applies to dark conductance and total light conductance, and the corresponding reversal potentials (Fig. 5) . These results could be expected from our working hypothesis. The reversal potential of the dark cur rent in this calcium-deficient saline is even slightly (but not significantly) more positive (+ 24 mV) than ^evJ L in PS (+ 20m V ) and close to V^A J i in PS (+ 25 mV), Table II , 1 a, c. According to our working hypothesis these results can be interpreted in the following way: The fact that the dark conductance is increased in a calciumdeficient saline with normal [Na+]ex rnay be due either to an increase of the num ber of open ion channels, or to increased single channel conductance. 
285
A further effect of calcium deficiency -the shifting o f the reversal potential of the dark current (or the PMP) towards the value of the reversal potential of the total light current -could be caused by an in creasing contribution of the normally light-activated channels, opening already in the dark under low calcium conditions, additionally to the contribution of the dark channels. This assumption explains also the third effect of calcium deficiency, the reduction or abolition of the light-induced conductance in crease. Lowering of the sodium concentration counteracts both the shifting of the reversal poten tial of the dark current and the reduction of lightinduced conductance increase. The fact that the reversal potential of the lightinduced current slightly decreases in a calcium-defi cient saline might indicate that a small fraction of the light-induced current is carried by calcium ions (compare [20] ). The sum of the m em brane conduc tance in the dark and the light-induced conductance change (i.e. the total light conductance g L) should not depend on the [Ca2+]ex, provided that the num ber of functional dark channels and the num ber of light channels activated by the light stimulus, and the conductances of the single channels are constant. (This should apply e.g. for the current measurement at the clamp voltage of -50 mV.) The increase of the membrane conductance in the dark, or the light current at a clamp voltage of -50 mV observed in our experiments could be caused by "sleeping channels" activated by calcium deficiency. Another explanation would be that low calcium conditions increase the single channels conductance. The latter should probably be accompanied by a decrease in the ion specifity. However such a decrease in ion specifity can be ruled out since the reversal poten tial of the light-induced current stays at about + 15 mV to + 25 mV in low calcium saline as long as it is measurable.
Effect o f low calcium concentration and low or normal sodium concentration (sodium substitute: choline) on the light response
The effect of lowering the [Na+]ex obviously de pends on the sodium substitute. If choline, instead of lithium , is used as sodium substitute (second group of experiments, Table II, 2 a -c, Figs. 6 and 7) the changes are generally similar, but the effect of lowering the [Na+]ex is more pronounced with choline than with lithium. W ith choline as substitute the sodium reduction leads to a quanti tatively better compensation of the effect caused by the lowering of the divalent cations; that is to say, lithium is more similar to sodium than choline.
(In this group of experiments stimuli of 2 s d u ra tion were applied as compared to the 10 ms stimuli used in the other experiments. W ithin these limits the stimulus duration has no m arked influence on the results.) When sodium is reduced and replaced by choline, together with reduced [Ca2+]ex (Table II, 2 b) the changes as com pared to PS consist in only a m oderate reduction of the am plitude of the ReP (from 30 to 25 mV) and only a slight depolarization (from -2 3 to -19mV) of the PMP. The reversal potential of the dark current is shifted to a less negative value (from -2 3 to -9 m V ) and the reversal potential of the total light current is almost the same as in PS. The dark conductance is slightly increased, while the light conductance is increased from 1.5 to 5.5 |iS. In low calcium, low sodium saline the reversal potential of the light-induced current is decreased (from 27 to 17 mV). The plot of the light-induced membrane current vs. clamp voltage (Fig. 7 b) shows a section with a negative slope, which is caused by voltage dependence of the light-activated channels.
Under low calcium, normal sodium conditions (Table II , 2 c) the effects are about the same as observed in the corresponding test saline with lithium as sodium substitute. The effects should be similar, depending only on the influence of the 80 mmol/1 lithium or choline, by which the sodium gradient is practically unchanged compared to PS, and on the conditions of the different preparations. The persistence of the light response in low calcium, normal sodium saline (Table II , 2 c) suggests that in this saline stationary values had not been reached. After longer stay in test saline the light response disappears. So there is still a light-induced m em brane current, which would be expected to dis appear under normal sodium, low calcium condi tions, i.e. part of the channels can still be activated by light.
The reversal potential of the dark current is shifted to a positive value (from -9 to + 8 m V ) in the low calcium, normal sodium saline, while and receptor currents (lower rows) of Limulus ventral nerve photoreceptor re corded in PS (first column), low calcium, low sodium test saline (second column) and low calcium, normal sodium test saline (third column). Sodium substi tute: choline, for salines see Table I,  salines 2 low calcium, low sodium saline (Fig. 7) . The dark conductance is much increased (from 0.5 to 4.5 ^S) (Table II , 2 c). Dark und light currents at a clamp voltage of -50 mV become much larger than in the preceding low calcium, low sodium saline. The average light-induced outward current at a clamp voltage + 25 mV in the low calcium, low sodium saline was 6 nA for lithium and 56 nA for choline as sodium substitute. At the same clamp voltage the light-induced outward current in a normal calcium, low sodium saline (with lithium, see below) was 2 nA, i.e. still lower than when the [Ca2+]ex was reduced too. This indicates that (1) lithium passes through the light channels less easily than sodium and (2) the outward current in a low sodium saline is even more reduced than the inward current for lithium as sodium substitute. In some experiments The effect of lowering the [Na+]ex alone to 10% of its normal value in a saline containing normal con centrations of divalent cations was tested in the third group of experiments (Table II, columns 3 a -c , Figs. 8 and 9 ). Lowering the sodium concen tration does not change the PMP and the reversal potential of the dark current (Table II, ever the am plitude of the light response (HMAX) is reduced almost by half, and the reversal potential of the light-induced current is lowered from + 2 0 to + 10 mV (Fig. 9 b) . The dark conductance is slightly reduced (from 0.4 to 0.3 (iS) while the light-induced conductance is lowered from 6.5 to 0.6 |iS. At a clamp voltage of -50 mV the dark current is re duced by half while the light-induced current is much more dim inished (from 430 to 100 nA) in the sodium -deficient saline. The effects are well re versed upon return to physiological saline (Fig. 9 c) . The decrease of can be explained by the reduction of the sodium gradient. The decrease of dark and light mem brane conductances may be due to a smaller contribution of sodium ions passing through the light-activated channels, together with a smaller contribution of the dark channels.
Effect o f raised calcium concentration and normal sodium concentration o f the light response
The effect of raising the [Ca2+]ex to 40 mmol/1 and 100 mmol/1 on the current/voltage relation was tested in two groups of experiments (Fig. 10) .
In contrast to the effect of reducing the [Ca2+]ex, raising of the [Ca2+]ex to 40 mmol/1 has no signifi cant effect on the current/voltage relation. Raising the [Ca2+]ex to 100 mmol/1 leads to hyperpolariza tion of the dark potential, a negative (hyperpolarizing) shift of the reversal potential in the dark I^evJ D, and a positive shift of the reversal potential of the light induced current V^AJ^ (Fig. 10) . The reversal potential of the total light current is practi cally unchanged, the same applies to the slope conductances. : k -+160 ! / *s°h igh Ca** JD Ca** 100 mmol/l M g** 55mmol/l Na* U35 mmol/l High [Ca2+]ex causes no greater changes of the m em brane characteristics of the photoreceptor cell membrane. This means that even with an external calcium concentration as high as 100 mmol/1 the light-activated channels are still functioning. The effects of the high calcium saline are most plausibly explained by assuming that, by the raised calcium concentration, the ion selectivity of both dark and light-activated channels is not changed. The leakage conductance may be somewhat reduced. The lightinduced conductance increase is smaller, either due to a reduction of the num ber of light-activated channels per photon absorbed, or (and) to a de crease of the single channel conductance. The rever sal potential of the total light current, which is de term ined by the balance of dark and light-activated channels, weighted by channel num ber and single channel conductance, is practically not changed by raising the [Ca2+]ex. The increase of the pre-stimulus m em brane potential and the reversal potential of the light current in the saline with increased [Ca2+]ex may be due to less leakage, so that the ion specifity of the channels becomes dominating.
W hereas the gating process in the visual cell mem brane is strongly influenced by calcium defi ciency, the effect of increased calcium concentration is not significant.
Conclusions
The results are in general agreement with the predictions from our model. The assum ption that low calcium conditions cause an unspecific increase in the m em brane conductance is ruled out by our results since the pre-stimulus m em brane potential and the reversal potential of the dark current become positive instead of approaching zero as would be the case for an unspecific conductance change.
We think it rather im probable that extremely low calcium concentration of the external saline strong ly alters the ion specifity of either the dark channels or the light-activated channels. However we cannot rule out that the single channel conductance an d /or the num ber of functional channels is increased in low calcium saline. The effect of lithium as sodium substitute can be compared with that of magnesium as substitute for calcium: both compete for the same binding sites with the substance they replace; but with a weaker action. Lithium is a bad current carrier. Magnesium cannot (or only very weakly) replace calcium in the process of adaptation [21] . In our experiments the antagonistic effect of lowering the [Na+]ex is smaller when lithium is used as sodium substitute than when choline is used. Lithi um is more similar to sodium than choline.
U nder very low calcium conditions the light activated ion channels in the visual cell membrane open already in the dark. The total m embrane conductance (dark conductance plus light-induced m em brane conductance) increase in a calcium-defi cient saline, especially when choline is used as sub stitute for sodium. Our results, which agree with the findings cited in the introduction, can be explained by our working hypothesis (Fig. 1): The gating of light-activated ion channels is regulated by the calcium concentration. When calcium is bound to the controlling binding sites in the cell m embrane the channels are closed; when the bound calcium is replaced by sodium, the channels open. In the dark the controlling binding sites have a strong affinity for calcium ions. The light stimulus causes a tran sient reduction in the calcium affinity of the bind ing sites which allows sodium to replace the bound calcium. Sodium can be bound already in the dark when the [Ca2+]ex is drastically reduced. A com paratively small additional reduction in the [Na+]ex restores the light-activated gating process almost to normal, since the ratio [Ca2+]/[N a+] is improved again to above a critical value. A further increase (beyond the critical value) of this ratio has no influence on the gating mechanism.
The increase of the dark and light membrane conductance under low calcium conditions is an additional observation not part of our channel gating hypothesis.
